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Abstract 
A bio fuel cell which consists entirely of biocompatible carbon materials is described in this article. The 
fuel cell consists only of two stacked chitonsan membranes. Enzymes provide the catalytic activity and 
carbon nanotubes provide electrical conductivity and anchor points for covalent immobilization of the 
used enzymes. The immobilized enzymes allow an operation time of more than 4 hours. To increase the 
effectiveness of the cell the low level of oxygen in the aqueous solution is increased with the addition of 
hydrogen peroxide which provides additional oxygen. The performance of the fuel cell is significantly 
increased and no auxiliary mechanical units are needed for operation. 
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1. Introduction 
There is an increasing demand for small electrical energy sources to power micro systems. Most common today 
are batteries composed of exhaustible materials like metals and some harmful components. An alternative energy 
source, which can extract its energy form its surroundings, is a bio-fuel cell. The bio fuel cell type using enzymes as 
catalysts was originally developed in the 1970th to power an artificial heart [1]. The dissolved glucose in the blood 
serves as fuel and is degraded at the anode. 
 
Nomenclature 
 
CNT Carbon Nanotube 
GDH Glucose Dehydrogenanse (Enzyme used at the Anode) 
BOD Bilirubin Oxidase (Enzyme used at the cathode) 
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1.1. Configuration of the enzymatic bio-fuel-cell 
To our original design of the bio-fuel-cell [2] which consisted of three membranes. A few modifications were 
made to increase the power output. The new fuel cell design consists only of two membranes which are coated with 
multiwalled carbon nanotubes for electrical conduction. The CNT serve a second function, they provide anchor 
points for the used enzymes. The material used for the membranes is Chitoasn, a bio-polymer made from Crab 
shells, that it is permeable for glucose [5] and electrically insulating. The enzymes are covalently bound to carboxyl 
Groups at the CNTS. The carboxyl groups are introduced by oxidation. The replacement of noble metal catalysts by 
enzymes allows operation under physiological conditions. The covalent binding between CNT and catalytic enzyme 
increases the stability of the electrodes.  
The fuel used in this fuel cell is glucose and Oxygen from the solution. At the anode the enzyme Glucose 
dehydrogenases (GDH) processes Glucose. This process releases electrons and protons. The electrons are 
transferred to a second enzyme called Diaphorase by Nicotinamide adenine dinucleotide (NADH) [3]. This step 
facilitates the electron transfer to the electrode and reduces the loss caused by direct reduction of NADH at the 
electrode surface. The cathode consists of a CNT layer with immobilized Bilirubin oxidase (BOD). BOD acts as a 
catalyst in the synthesis of water [4]. Two water molecules are formed from oxygen and protons by transferring four 
electrons. 
2. Materials and Methods 
All enzymes and material for the membranes (Chitosan middle viscous) were purchased at Sigma Aldrich and 
used without further purification. Further chemicals like NAD+, the buffer substances and the fuel (glucose) were 
purchased from Carl Roth. 
Chitosan was dissolved in 50mM HCL by sonification. 80 ml of 1% Chitosan solution took 2 times 10 minutes of 
60 watt pulsed sonification to dissolve. Afterwards the pH is set to 4.5 by sodium hydroxide. During neutralization 
occur Chitosan spheres, which are redissolved by 5-10 min of sonification. 
By casting the Chitosan solution into plastic dishes with a flat bottom, with 220µl/cm2 , very thin membranes are 
formed after the evaporation of the liquid. To stabilize the micrometer thin membrane the polymer chains can be 
cross-linked by the amino-groups. The crosslinking is done by glutardiaaldehyd. 
The dry membranes can be either directly loaded with enzymes or coated with CNT.  
The loading with enzymes is done by an additional layer of Chitosan/CNT composite. The composite dispersion 
is mixed with the enzymes and put on the dry membrane. To achieve electrical conducting electrodes the chitosan 
membranes are coated with CNT. The CNT are dispersed in ethanol. After evaporation of the ethanol, it is possible 
to add the enzymes. To achieve a better mechanical stability of the electrodes a cellulose mat was added. 
The enzymes are covalently coupled to the carboxyl-groups of the oxidize CNT. The coupling is down with 
oxidized CNT. The coupling is done with N-(3-Dimethylaminopropyl)-1ƍ-ethylcarbodiimide hydrochlo-ride 
(EDAC) und  N-Hydroxysulfosuccinimide (NHS) [6]. At a pH of 6.1 of MES/Tris buffered solution [4]. In a MES / 
Tris buffered solution at a pH 6.1 carboxyl CNT NHS and EDAC are mixed under continuous stirring for 2 hours at 
room temperature. To remove excess chemicals the CNT are centrifuged, the solution is discarded and the CNT are 
dispersed Buffer. This step is repeated 3 times. 
  Afterwards the enzymes are added to the dispersion and mixed by stirring for 30 minutes. The CNT with 
attached enzymes is washed 3 times and dispersed in phosphate buffer pH 7.5. The dispersion is applied on the 
surface of the electrode and left to dry over night at 4 ° C. All enzymes were used with a concentration of 0.5 units 
per cm2.  
The measurements of the fuel cell were down in 10 mM glucose, 0.5mM NAD and 0.5 mM Vitamin k3 in 20 mM 
phosphate buffer ph 7.5 at 22°C room temperature. The electrical load is 7 kOhm. The membranes are embedded in 
a special measurement chamber. The anode is located at the bottom of the chamber and the CNT layer faces 
outwards. The cathode is placed on top of that and in direct contact to the solution. The fuel solution was aerated 
with pressurized air for five minutes, to achieve saturation with oxygen. Alternatively 3% of hydrogen peroxide was 
used. 
3. Results and Discussion 
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3.1. Improvement of conductivity and stability by changes in the fuel cell construction 
The original Fuel cell design [2] consisted of three layers. Anode and cathode made of Chitosan/CNT/enzyme 
composite and an ion conducting but electrically insulating membrane made of Chitosan as a separator (Fig. 2.). The 
lateral resistance of the electrodes was about 30 k7KHIXHOFHOOprovided 0.4 Volt and a power of about 1.6 µW 
for about 30 minutes. 7KHSRZHUZDVPHDVXUHGZLWKDORDGRIN 
The new design (Fig 1.) is constructed to allow for a higher power output and to last longer. The changes made to 
achieve this goal are the reduction of the number of membranes from three to two and the replacement of the 
CNT/Composite electrode by a CNT layer on the outside of the Chitosan membranes. The enzymes are covalently 
immobilized on the oxidized CNT. By this means the lateral resistance of the electrodes is reduced by one hundred 
and the power is increased by the factor ten. 
  
Fig 1 Schematic view of a assembled fuel cell in the 
new design. 
Fig 2 Schematic view of a assembled fuel cell in the 
original design 
 
The observed open circuit voltage reaches 0.48 V (Fig. 3) after full recovery and 0.35 V (Fig.4) in our five 
minute test cycle, which is not higher than the voltage of the original fuel cell, but the peak current, with a load of 7 
NH[FHHGVWKHRULJLQDOGHVLJQ with 50 µA and a total power of 17 µW by the factor 10. 
 
  
Fig 3. Recovery of the fuel cell to maximum open circuit 
voltage 
Fig 4. Voltage time diagram of the test cycle 
 
Besides the increase in power, the operation time is also increased. A long term experiment with a peak current of 
17µA at the beginning (Fig.5) showed still a current of 12µA after four hours of continuous cycling. The original 
design fuel cells lasted only about one hour. This indicates a better immobilization of the enzymes.  
 
3.2. Improvement of the power output by additional oxygen 
The Nernst equation shows a concentration dependence of the potential in electrochemical cell. Taken into 
account the poor capacity for oxygen in water, we observe a limiting factor for the performance of the biological 
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fuel cells. To enhance the oxygen concentration in the solution a chemical oxygen supply, hydrogen peroxide, is 
used. The added hydrogen peroxide dissociates to water and oxygen. As depicted in Figure 6 the output increases 5 
times after the addition of hydrogen peroxide. The increase is slow and takes more than 30 minutes and lasts more 
than one hour. This indicates that the higher oxygen concentration is deciding. A direct influence of the hydrogen 
peroxide on the other hand would be instantaneously and very short lived.  
  
Fig. 5 Fuel cell load cycle long term experiment Fig 6 Increase in power after addition of hydrogen 
peroxide  
4. Summary 
The newly designed fuel cell with up to 20 µW of total power output after the addition of H2O2 (Fig 6) 
outperforms the original design with 1,6 µW by more than factor ten. We achieved lower resistance and higher 
stability of the electrode/enzyme complex, by establishing a electrical conducting layer on top of a ion permeable 
membrane distributing the two functions on different layers. This allows for the use of different materials and to 
optimize the electrical conduction and ion-permeability properties separately.  
The enhancement of the oxygen concentration in the glucose solution by hydrogen peroxide results in a 
significantly improved performance. For future applications it is possible to directly use the hydrogen peroxide with 
peroxidase and benefit from the 1.8V high standard potential of hydrogen peroxide compared to 1.2V for oxygen.  
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